Heart disease is the leading cause of death in the western world with almost one-half of those deaths attributable to coronary heart disease [@bib1]. In response to cardiac stresses, such as myocardial infarction (MI), the heart undergoes structural and functional remodeling, with cardiomyocyte hypertrophy and excessive production of the extracellular matrix (ECM) as typical features [@bib2]. Molecular mechanisms that underlie cardiac fibrotic disorders are still mostly unclear, and no specific therapies exist for treatment of myocardial fibrosis.

Connective tissue growth factor (CTGF/CCN2) belongs to the CCN family (Connective tissue growth factor \[CTGF\], Cystein rich protein \[CYR61\], and Nephroblastoma overexpressed \[NOV\]) of matricellular proteins that consists of 6 homologous cysteine-rich proteins [@bib3]. Dysregulation of CCN protein expression or activities takes place in chronic inflammation or tissue injury, such as fibrosis, atherosclerosis, restenosis after vascular injury, arthritis, cancer, diabetic nephropathy, and retinopathy [@bib3], [@bib4]. CTGF expression is elevated in human fibrotic diseases of virtually every organ or tissue [@bib4]. Patients with heart failure (HF) show elevated levels of plasma CTGF, which correlates with the severity of the disease [@bib5]. Plasma levels of CTGF are also useful in differentiating acute HF patients from patients with other causes of dyspnea and peripheral edema [@bib6]. CTGF expression in the myocardium is also induced in various animal models of myocardial fibrosis (for review, see Daniels et al. [@bib7] and Leask [@bib8]). Cardiomyocyte-specific overexpression of CTGF in transgenic mice alone did not induce fibrosis but did enhance pressure overload−induced cardiac fibrosis [@bib9]. On the other hand, pressure overload induced fibrosis was not attenuated in mice where CTGF was deleted in cardiomyocytes and cardiac fibroblasts [@bib10], but not from other cell types in which CTGF may have been produced [@bib11]. However, no data are available from studies in which the function of CTGF was antagonized in the ischemic heart or during post-MI fibrotic remodeling.

FG-3019 (pamrevlumab) is a human monoclonal antibody (mAb) against CTGF that has shown efficacy in a randomized, placebo-controlled phase 2 clinical trial in subjects with idiopathic pulmonary fibrosis [@bib12], as well as in phase 2 clinical trials for treatment of pancreatic cancer and Duchenne muscular dystrophy ([NCT02210559](https://clinicaltrials.gov/ct2/show/NCT02210559){#intref0015} and [NCT02606136](https://clinicaltrials.gov/ct2/show/NCT02606136){#intref0020}, respectively). A chimeric antibody, designated FG-3149, has the binding motif of FG-3019 and a mouse IgG2a constant region. FG-3149 binds CTGF with similar affinity as FG-3019 but is less immunogenic in rodents than the human antibody. FG-3149 has shown activity in animal models of bronchopulmonary dysplasia [@bib13], pressure overload−induced HF [@bib14], and genetic cardiomyopathy [@bib15], [@bib16]. In the present study, we aimed to investigate the role of CTGF in cardiac repair following MI, in post-MI cardiac fibrosis, and in acute ischemia−reperfusion (I/R) injury.

Methods {#sec1}
=======

Study design {#sec1.1}
------------

The experimental design was approved by Animal Experiment Committee in State Provincial Office of Southern Finland, and the methods were carried out in accordance with the national regulations of the usage and welfare of laboratory animals. Mice were subjected to MI by permanent ligation of the left anterior descending coronary artery or to I/R injury by transient ligation of the left anterior descending coronary artery, and treated with either CTGF mAb or control mouse immunoglobulin-G (IgG). The protocols are shown in [Figure 1](#fig1){ref-type="fig"}. A more detailed description of Methods is available in the [Supplemental Material](#appsec1){ref-type="sec"}.Figure 1Summary of Experimental ProtocolsStudy I, protocol for inhibition of connective tissue growth factor (CTGF) during post---myocardial infarction (MI) cardiac repair (treatment initiation on day 3, treatment completion on day 7). Study II, protocol for CTGF inhibition during post-MI cardiac remodeling (treatment initiation on day 7, treatment completion at the end of week 7). Study III, protocol for CTGF inhibition during and/or after acute ischemia (treatment 24 and 1 h before ischemia or only at reperfusion). IgG = immunoglobulin-G; LAD = left anterior descending; mAb = monoclonal antibody.

RNA sequencing analysis {#sec1.2}
-----------------------

RNAseq analysis was performed via single-end sequencing chemistry at a 75 base-pair read length (Illumina NextSeq, Illumina, Inc., San Diego, California). Sequences were de-multiplexed, and FASTQ generation was performed (Basespace, Illumina). Sequences were aligned to 10 mm, annotated using the RefSeq Gene 2013.04.01 build, and gene expression levels were quantitated using reads per kilobase of transcript, per million mapped reads (RPKM, Strand NGS, Strand Life Sciences, Bengaluru, India). Genes with a raw read count of \>20 in at least 1 sample were used for further analysis. Altered transcripts were defined as having a \>1.5-fold difference in expression at p \< 0.05 (*t*-test). Gene ontology analysis was performed using gene ontology consortium software [@bib17], [@bib18]. To identify common upstream regulators, gene sets were loaded into Pathway Studio MammalPlus 12.0.1.9 (Elsevier, Amsterdam, the Netherlands), and links to common regulators were identified.

Statistical analysis {#sec1.3}
--------------------

Statistical analysis was performed with SPSS software (IBM, Armonk, New York). When 2 groups were compared, Student's *t*-test or Mann-Whitney U test was performed. To compare multiple groups, 1-way analysis of variance was used, followed by Tukeys's post hoc test to compare all the groups or Dunnett's post hoc test to compare other groups with the control IgG-treated MI or I/R group. The Kruskall-Wallis test was performed when data did not represent normal distribution. Survival analysis was calculated by the Kaplan-Meier method, and groups were compared by the log-rank (Mantel-Cox) test. Data are shown as mean ± SD. Differences were considered statistically significant at p \< 0.05.

Results {#sec2}
=======

Therapy with CTGF mAb during post-MI cardiac repair improves survival (Study I) {#sec2.1}
-------------------------------------------------------------------------------

To investigate for the effect of CTGF mAb during cardiac repair after MI, mice were subjected to experimental MI, and 3 days after ligation, treatment began with either IgG or CTGF mAb for 4 days (Study I) ([Figure 1](#fig1){ref-type="fig"}). CTGF mAb significantly improved post-MI survival (p \< 0.05) ([Figure 2A](#fig2){ref-type="fig"}). Echocardiography analysis at 7 days post-MI showed better preserved LV systolic function in mice treated with CTGF mAb compared with mice treated with control IgG (ejection fraction: 27.1 ± 5.2% vs. 16.3 ± 3.4%; p \< 0.05) ([Figure 2B](#fig2){ref-type="fig"}, [Table 1](#tbl1){ref-type="table"}). No difference was observed in LV diameter or LV posterior wall thickness ([Figure 2B](#fig2){ref-type="fig"}, [Table 1](#tbl1){ref-type="table"}). Analysis for inflammation in the infarcted area by CD45 staining showed no difference between MI groups, and no difference was observed in expression of inflammatory genes in the remote LV between the MI groups ([Supplemental Figure 1](#appsec1){ref-type="sec"}). Histological analysis of LV sections showed a decrease in septum thickness versus the scar thickness ratio in CTGF mAb−treated mice compared with control IgG-treated mice, which resulted in an observed decrease in the infarct expansion index ([Figure 2C](#fig2){ref-type="fig"}). Analysis for collagen content in the remote zone showed no difference between the experimental groups ([Figure 2D](#fig2){ref-type="fig"}). Analysis for central signaling pathways from the infarct scar showed induction of extracellular signal-regulated kinase (ERK) and c-Jun N-terminal kinase 2 (JNK2) phosphorylation in MI hearts treated with CTGF mAb ([Figure 2E](#fig2){ref-type="fig"}). No difference was observed in p38 or SMAD2 signaling between the MI groups ([Figure 2E](#fig2){ref-type="fig"}).Figure 2CTGF mAb Enhances LV Function (Study I)Mice were subjected to MI, and 3 days after surgery randomly divided to receive either IgG vehicle or CTGF mAb for 4 days. **(A)** Survival of animals during the experiment. **(B)** Left ventricular (LV) ejection fraction (EF), end-diastolic dimension (LVID;d), and posterior wall thickness (LVPW;d) were analyzed by echocardiography at 7 days after MI injury. **(C)** Ratio of thickness of septum versus thickness of infarct and the infarct expansion index. **(D)** Analysis of interstitial fibrosis from picrosirius red−stained LV sections under polarized light. Masson's trichrome-stained sections from the same tissue block are also shown. Scale bar: 50 μm. **(E)** Western blot analysis of LV samples from infarct areas for phosphorylated extracellular signal-regulated kinase (p-ERK), c-Jun N-terminal kinase (p-JNK), p38, and SMAD2. Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was used as loading control. Data are presented as mean ± SD; number of animals was sham (n = 4), IgG (n = 5), and CTGF mAb (n = 8). \*p \< 0.05; \*\*p \< 0.01; \*\*\*p \< 0.001. Abbreviations as in [Figure 1](#fig1){ref-type="fig"}.Table 1CTGF mAb Therapy During Post-MI Cardiac Repair Enhances LV Function (Study I)Sham (n = 4)MI + IgG (n = 5)MI + CTGF mAb (n = 8)LVEDD (mm)4.34 ± 0.315.84 ± 0.45[∗](#tbl1fnlowast){ref-type="table-fn"}5.51 ± 0.75[∗](#tbl1fnlowast){ref-type="table-fn"}LVESD (mm)3.43 ± 0.315.41 ± 0.50[†](#tbl1fndagger){ref-type="table-fn"}4.81 ± 0.74[∗](#tbl1fnlowast){ref-type="table-fn"}LVEDPW (mm)0.63 ± 0.070.80 ± 0.190.66 ± 0.04LVESPW (mm)0.91 ± 0.120.98 ± 0.130.97 ± 0.11LVED Vol (μl)85.5 ± 14.0170 ± 30.0[∗](#tbl1fnlowast){ref-type="table-fn"}151 ± 47.7[∗](#tbl1fnlowast){ref-type="table-fn"}LVES Vol (μl)49.1 ± 12.1143 ± 30.1[†](#tbl1fndagger){ref-type="table-fn"}111 ± 40.0[∗](#tbl1fnlowast){ref-type="table-fn"}EF (%)45.9 ± 7.4616.3 ± 3.36[‡](#tbl1fnddagger){ref-type="table-fn"}27.1 ± 5.22[†](#tbl1fndagger){ref-type="table-fn"}[§](#tbl1fnSection){ref-type="table-fn"}FS (%)22.8 ± 4.277.46 ± 1.57[‡](#tbl1fnddagger){ref-type="table-fn"}12.8 ± 2.61[†](#tbl1fndagger){ref-type="table-fn"}[§](#tbl1fnSection){ref-type="table-fn"}HR (beats/min)465 ± 45488 ± 49453 ± 43SV (μl)36.0 ± 8.0828.0 ± 3.4239.4 ± 9.57CO (ml/min)17.0 ± 5.4713.8 ± 2.8217.9 ± 5.30E/E′−44.0 ± 6.54−40.9 ± 14.2−31.7 ± 6.17IVRT (ms)14.6 ± 1.2814.8 ± 3.6815.6 ± 2.84LV mass (mg)84.5 ± 15.2157 ± 48.8[∗](#tbl1fnlowast){ref-type="table-fn"}117 ± 27.5HW/BW (mg/g)5.34 ± 0.597.27 ± 1.756.07 ± 0.66[^1][^2][^3][^4][^5][^6][^7][^8]

CTGF mAb reduces post-MI LV hypertrophy and fibrosis (Study II) {#sec2.2}
---------------------------------------------------------------

To investigate for the potential of CTGF mAb in post-MI remodeling, mice were subjected to experimental MI, and 1 week later treatment began with either control IgG or CTGF mAb for 6 weeks (Study II) ([Figure 1](#fig1){ref-type="fig"}). There was no difference in overall survival in MI groups because only 1 mouse was lost in the IgG group and none were lost in CTGF mAb group during the treatments. Two weeks after initiating treatment, echocardiography analysis showed no difference in LV structure or function between the MI groups ([Supplemental Table 1](#appsec1){ref-type="sec"}). Analysis of harvested hearts after 6 weeks showed that CTGF mAb treatment resulted in a reduced heart weight to body weight ratio compared with the IgG-treated mice (p \< 0.01) ([Figure 3A](#fig3){ref-type="fig"}). Echocardiography analysis at 6 weeks showed that mice treated with CTGF mAb had significantly lower LV mass and left atrial size (p \< 0.01 and p \< 0.05, respectively) ([Figure 3A](#fig3){ref-type="fig"}). No difference was observed in LV systolic function. Full echocardiography data are listed in [Supplemental Table 2](#appsec1){ref-type="sec"}.Figure 3CTGF mAb Protects Against Post-MI LV Hypertrophy and Fibrosis (Study II)Mice were subjected to MI and 1 week after surgery randomly divided to receive IgG vehicle or CTGF mAb for 6 weeks. **(A)** Analysis for heart weight to body weight (HW/BW) ratio, LV mass, left atrial end-diastolic area (LAA;d), and EF. **(B)** Analysis of cardiomyocyte cross-sectional area from Masson trichrome−stained LV sections. **(C)** Analysis of mean capillary cross-sectional size and the number of capillaries per cardiomyocyte in the nonischemic myocardium from CD31 staining, **(D)** Analysis of interstitial fibrosis from picrosirius red−stained LV sections under polarized light. Scale bar: 50 μm. **(A to D)** Data are presented as mean ± SD; number of animals was sham (n = 5), IgG (n = 7), and CTGF mAb (n = 8). \*p \< 0.05; \*\*p \< 0.01; \*\*\*p \< 0.001. **(E)** Hierarchical clustering of RNAseq data for transcripts that were altered by MI and at least partially normalized by CTGF mAb, indicating that many of these genes are regulated by transforming growth factor-β1 (TGF-β1), tumor necrosis factor (TNF)-α, or interleukin (IL)-1β. **Red highlights** indicate genes associated with various fibrotic disorders. **(F)** Hierarchical clustering of RNAseq data showing transcripts whose expression was increased in hearts of mice treated with CTGF mAb. Known cardiac development and/or repair related genes are highlighted **(red)**. **(E and F)** Number of animals was sham (n = 3), IgG (n = 5), and CTGF mAb (n = 5). Abbreviations as in [Figures 1](#fig1){ref-type="fig"} and [2](#fig2){ref-type="fig"}.

Cardiomyocyte size was increased in both MI groups compared with sham-operated mice, but treatment with CTGF mAb significantly reduced the MI-induced increase in cardiomyocyte hypertrophy ([Figure 3B](#fig3){ref-type="fig"}). Histological analysis of hearts subjected to experimental MI showed that CTGF mAb treatment significantly attenuated the increase in capillary size in the LV (p \< 0.05) without changing the capillary density ([Figure 3C](#fig3){ref-type="fig"}). Picrosirius red staining showed reduction in MI-induced fibrosis in the remote, nonischemic myocardium in mice treated with CTGF mAb compared with MI mice treated with IgG ([Figure 3D](#fig3){ref-type="fig"}) (p \< 0.01). Determination of length of infarction showed no difference between the MI groups ([Supplemental Figure 2](#appsec1){ref-type="sec"}).

CTGF mAb regulates genes related to fibrosis and/or inflammation and cardiac repair (Study II) {#sec2.3}
----------------------------------------------------------------------------------------------

To explore potential mechanisms that mediated the cardioprotective effects of CTGF mAb, we performed RNA sequencing analysis of samples from mice subjected to chronic MI and treated with either control IgG (n = 5) or CTGF mAb (n = 5) for 6 weeks. We identified \>1,000 genes with significantly altered expression after MI (fold change \[FC\] \>1.5; p \< 0.05) (Data Set 1 in the [Supplemental Material](#appsec1){ref-type="sec"}). CTGF mAb treatment significantly affected expression of 72 transcripts in MI hearts (FC \>1.5; p \< 0.05) ([Supplemental Table 3](#appsec1){ref-type="sec"}), 60 of which were also MI-altered. Gene ontology enrichment analysis indicated that 24 of 72 transcripts affected by CTGF mAb treatment were related to fibrosis and/or inflammation. An investigation of shared upstream regulators indicated that many transcripts are known to be co-regulated by multiple inflammatory factors, such as transforming growth factor (TGF)-β1, tumor necrosis factor-α, and interleukin-1β ([Figure 3E](#fig3){ref-type="fig"}). Normalized RNAseq data showed downregulation of selected MI-induced genes, and reduced expression of PAI-1 (Serpine1) was also confirmed by Western blotting ([Supplemental Figure 3](#appsec1){ref-type="sec"}).

CTGF mAb treatment upregulated expression of 42 transcripts related to cardiac development and/or repair, including Nkx2-5 and Cited4 (Cbp/P300 interacting transactivator with Glu/Asp rich carboxy-terminal domain 4) in post-MI hearts ([Figure 3F](#fig3){ref-type="fig"}, [Supplemental Figure 4](#appsec1){ref-type="sec"}). In addition, although it did not meet fold-change cutoffs, RNAseq analysis revealed significant induction of GATA binding protein 4 (GATA-4) expression in CTGF mAb−treated hearts compared with hearts treated with control IgG ([Supplemental Figure 4](#appsec1){ref-type="sec"}).

CTGF mAb has no effect on infarct size following myocardial I/R injury (Study III) {#sec2.4}
----------------------------------------------------------------------------------

To assess if antagonizing the function of CTGF affected acute cardiac I/R injury, wild-type mice were subjected to 30 min of ischemia followed by reperfusion (Study III) ([Figure 1](#fig1){ref-type="fig"}). Analysis for cardiac injury by determination of apoptosis at 3 h after reperfusion showed no difference between the control IgG and CTGF mAb treatments ([Figure 4A](#fig4){ref-type="fig"}). When assessed 24 h after reperfusion, CTGF mAb treatment had no effect on the size of the area at risk ([Figure 4B](#fig4){ref-type="fig"}). Analysis of infarct size revealed no difference between the groups, which suggested that CTGF mAb had no effect on cardiomyocyte viability following I/R injury ([Figure 4B](#fig4){ref-type="fig"}). Echocardiography analysis at 24 h after reperfusion showed no difference in LV structure or function between the groups ([Supplemental Table 4](#appsec1){ref-type="sec"}).Figure 4Antagonizing the Function of CTGF mAb During Cardiac I/R Injury (Study III)Mice were treated with IgG vehicle or CTGF mAb and subjected to ischemia−reperfusion injury (I/R). **(A)** Quantitative analysis of TUNEL-positive cells in hearts subjected to 30 min of ischemia and 3 h of reperfusion is shown. TUNEL-positive cells are marked with **arrows**; scale bar: 20 μm. **(B)** Mice were treated with IgG vehicle or CTGF mAb 24 h before ischemia and at reperfusion, or with CTGF mAb at reperfusion only. Infarct size and area at risk were analyzed from triphenyl tetrazolium chloride (TTC)−stained myocardial sections. **(C)** Western blot analysis of samples from infarct area 3 h after I/R injury. Analysis of phosphorylated protein kinase B (Akt), ERK, JNK, signal transducer and activator of transcription 3 (STAT3), p38, protein kinase C alpha (PKCα), SMAD2, and SMAD1/5 is shown. GAPDH was used as a loading control. Ratio of p-JNK to GAPDH and p-STAT3 to GAPDH data in the bar graphs are presented as mean ± SD. Number of animals in 3-h I/R experiment, including TUNEL labeling, was sham (n = 3), IgG (n = 6), and CTGF mAb (n = 6). Number of animals in 24-h I/R experiment including TTC staining was IgG (n = 11), CTGF mAb (n = 12), and CTGF in reperfusion (n = 12). TUNEL = terminal deoxynucleotidyl transferase dUTP nick end labeling; other abbreviations as in [Figures 1](#fig1){ref-type="fig"} and [2](#fig2){ref-type="fig"}.

The effect of CTGF inhibition on central signaling mechanisms in the ischemic heart was assessed 3 h after reperfusion with Western blotting. Analysis for reperfusion injury salvage kinase pathways in the ischemic area showed no difference in phosphorylation of protein kinase B (Akt) or ERK between the mice treated with IgG or CTGF mAb ([Figure 4C](#fig4){ref-type="fig"}). In contrast, phosphorylation of JNK2 and the signal transducer and activator of transcription 3 were significantly increased in hearts of mice treated with CTGF mAb ([Figure 4C](#fig4){ref-type="fig"}). CTGF mAb had no effect on SMAD, p38, or protein kinase C (PKC)-α phosphorylation ([Figure 4C](#fig4){ref-type="fig"}).

JNK pathway mediates effects of CTGF mAb {#sec2.5}
----------------------------------------

To more directly investigate the molecular function of CTGF mAb, we treated human cardiac FBs with CTGF mAb. Immunoblotting showed that treatment with CTGF mAb modestly reduced both basal and TGF-β1--induced αSMA and collagen-1 expression ([Figure 5A](#fig5){ref-type="fig"}). Examination of the affected signaling pathways showed that similar to findings in vivo, CTGF mAb induced JNK2 phosphorylation ([Figure 5A](#fig5){ref-type="fig"}). Antagonizing the function of CTGF also modestly reduced focal adhesion kinase (FAK) phosphorylation, but had no effect on ERK or SMAD2 phosphorylation ([Figure 5A](#fig5){ref-type="fig"}).Figure 5CTGF mAb Activates JNK and Reduces Collagen Production in Cultured Human Cardiac FibroblastsCultured human fibroblasts were treated with 10 μg/ml CTGF mAb or control IgG, and co-treated with TGF-β1 (1 ng/ml) or inhibitor of JNK inhibitor (JNKi) \[(L)-Form, 2 μM)\], where indicated. **(A)** Western blot analysis for phosphorylated JNK2, p-ERK, phosphorylated SMAD2, phosphorylated focal adhesion kinase (p-FAK), smooth muscle alpha actin (α-SMA), and collagen 1 (Col1) is shown. Vinculin was used as loading control. **(B)** Quantitative analysis for collagen production and fibroblast proliferation. Data are presented as mean ± SD. \*\*p \< 0.01; \*\*\*p \< 0.001 versus IgG; \#p \< 0.05 versus IgG + TGF-β1; \$\$\$p \< 0.001 versus CTGF mAb. N = 5 per group. Abbreviations as in [Figures 1](#fig1){ref-type="fig"}, [2](#fig2){ref-type="fig"}, and [3](#fig3){ref-type="fig"}.

Quantitative analysis for the effect of CTGF mAb on collagen production showed that CTGF mAb significantly reduced both basal and TGF-β1--induced collagen production, but had no effect on basal or TGF-β1--induced FB proliferation ([Figure 5B](#fig5){ref-type="fig"}). We then investigated if JNK played a role in mediating the effects of CTGF mAb. Treatment of human cardiac FBs with JNK inhibitor I abrogated the reduced collagen production in CTGF mAb−treated cells, but had no effect on collagen production in control IgG-treated cells ([Figure 5B](#fig5){ref-type="fig"}). In contrast, FB proliferation was not affected by JNK inhibition ([Figure 5B](#fig5){ref-type="fig"}).

Discussion {#sec3}
==========

ECM forms the structural backbone of the heart, and provides efficient mechanical and electrical coupling during contraction. In HF, excessive accumulation of ECM not only increases ventricular stiffness, but also disrupts normal electrical coupling, which predisposes to conduction abnormalities, arrhythmias, and sudden cardiac death. However, fibrotic wound healing is necessary to form a stable infarct scar to prevent cardiac wall rupture. Therapy for HF patients with angiotensin-converting enzyme inhibitors, angiotensin II receptor antagonists, and mineralocorticoid receptor antagonists have been shown to attenuate the development of cardiac fibrosis [@bib19], [@bib20]. In addition, novel approaches, such as inhibition of fibronectin polymerization, may provide novel therapeutic approaches [@bib21]. In the present study, we investigated the potential of CTGF mAb therapy in protecting the heart from MI-induced injury and fibrosis.

Treatment with CTGF mAb during cardiac repair {#sec3.1}
---------------------------------------------

Repair of the infarcted heart can be divided into 3 overlapping phases: the inflammatory, proliferative, and maturation phases [@bib22]. The inflammatory phase in mouse hearts subjected to I/R injury lasts up to 72 hours after injury and is likely longer in hearts undergoing permanent MI. This is followed by a proliferative phase (days 3 to 7), which is characterized by FB proliferation, differentiation of FBs to myofibroblasts, and angiogenesis. Following repair of the infarct, activation of FBs occurs in both the peri-infarct area and the remote myocardium, which contribute to adverse remodeling of the LV. It is well documented that CTGF expression is elevated during wound healing in different tissues [@bib23]. In our study, treatment with CTGF mAb during the proliferative phase of cardiac repair (starting at day 3 after MI) resulted in better preserved ejection fraction at 1 week after MI and also improved survival. We also found that CTGF mAb treatment started at day 3 after MI reduced infarct scar thinning and infarct expansion. Infarct expansion is associated with a decrease in LV systolic function and increased infarct rupture, which most often occurs at the infarct border zone during the first week after MI [@bib24], [@bib25]. In the present study, CTGF mAb−treated mice had less thinning of the infarct scar, which might have resulted in better preserved LV systolic function and provided protection from infarct rupture, and led to better post-MI survival. RNA sequencing data of samples from MI hearts treated with IgG or CTGF mAb showed that treatment with CTGF mAb induced expression of a number of genes involved in cardiac repair and/or development. Clear induction of Nkx2-5, a key nodal transcription factor in cardiogenesis, was noted, and further data mining revealed significant induction of GATA-4 expression in CTGF mAb−treated hearts. GATA-4 and Nkx2-5 physically interact and drive expression of a number of genes in cardiomyocytes [@bib26], and are key mediators of cardiac repair and regeneration in the adult heart [@bib27], [@bib28].

Cited4 encodes for the CREB-binding protein (CBP)/p300-interacting transactivator. Cardiomyocyte-specific overexpression of Cited4 in mice has also been shown to induce an increase in heart weight and cardiomyocyte size with normal systolic function, and to induce functional recovery and reduction in fibrosis long term after I/R injury [@bib29]. Induction of cardioprotective genes in hearts of CTGF mAb−treated mice might have contributed to better post-MI survival and better preserved LV systolic function after MI.

CTGF mAb in development of myocardial fibrosis following MI {#sec3.2}
-----------------------------------------------------------

In the present study, we found that CTGF mAb treatment for 6 weeks post-MI resulted in reduced fibrosis in the remote, nonischemic myocardium. In addition, CTGF mAb treatment during post-MI LV remodeling reduced the MI-induced increase in cardiomyocyte size and LV mass. RNA sequencing analysis of samples from surviving myocardium at 7 weeks after MI identified downregulation of MI-induced expression of inflammatory and fibrotic genes in hearts of CTGF mAb−treated mice. Previously, treatment with CTGF mAb in a genetic model of dilated cardiomyopathy showed that CTGF mainly regulated the genes related to ECM structural proteins and remodeling enzymes [@bib15]. These data, together with our present data, thus suggested that the antifibrotic effect of CTGF mAb in MI hearts arises from downregulation of inflammatory and fibrotic genes. The effect of CTGF mAb on cardiomyocyte hypertrophy in the present study probably also stemmed from altered FB function and altered release of local growth factors and cytokines from activated FBs.

Investigation of the mechanisms of CTGF action in cultured human FBs indicated that CTGF mAb reduced collagen production, but had no effect on FB proliferation. Recent studies indicated that the increase in LV fibrosis in the remote myocardium during post-MI LV remodeling was dependent on activation of existing FBs rather than FB proliferation, which mainly occurs 2 to 7 days post-MI in the infarct region [@bib30]. It is known that CTGF can modulate many signaling pathways independently of TGF-β [@bib31]. However, with respect to TGF-β signaling, it was previously reported that CTGF did not modulate canonical signaling (i.e., via SMAD 2/3), but instead modulated at least 2 non-canonical TGF-β signaling pathways, SMAD 1 and ERK [@bib32]. We found that CTGF mAb consistently activated the JNK2 isoform both in vivo and in vitro, but had no effect on SMAD signaling. Although there are previous data that showed that JNK2 is a negative regulator of FB proliferation [@bib33], we found that inhibition of JNKs abrogated the antifibrotic effect of CTGF mAb in cultured human FBs.

Effect of CTGF mAb on Acute I/R injury {#sec3.3}
--------------------------------------

Previous data from studies that used transgenic mice with cardiac-restricted overexpression of rat CTGF suggested that CTGF protects the myocardium from acute I/R injury [@bib34]. In the present study, we used strategies to administer CTGF mAb before I/R injury or immediately at reperfusion. Our data showed that treatment with CTGF mAb did not increase infarct size or compromise the recovery of LV systolic function at 24 h after I/R injury, as might be expected if CTGF were cardioprotective in acute I/R.

Study limitations {#sec3.4}
-----------------

There were some possible limitations to this study. Experimental MI surgery itself might have resulted in inflammatory effects [@bib35] that could have affected the analysis of post-MI inflammation at 7 days after MI. However, our model for MI surgery, which included pericardial incision without open-chest surgery, resulted in shortened recovery and reduced inflammation compared with conventional open-chest models [@bib36]. Unfortunately, experimental MI in rodents and open-chest cardiac surgery in patients can damage the pericardium and may induce pericardial adhesions. CTGF mAb therapy during the proliferative phase of infarct repair might have had an effect on the development of the post-operative pericardial adhesions, which possibly contributed to increased survival and better preserved ejection fraction. Similar limitations should be considered when investigating any antifibrotic intervention during infarct repair in rodent MI models. In addition, analysis for infarct size at 24 h after I/R injury did not rule out the possibility that CTGF mAb could have had an effect on I/R injury analyzed at a later time point.

Conclusions {#sec4}
===========

We found that therapy with CTGF mAb during the proliferative phase of post-MI cardiac repair attenuated infarct expansion, improved survival, and attenuated the decrease in LV systolic function. Intervention with CTGF mAb during post-MI LV remodeling reduced LV fibrosis and attenuated the MI-induced cardiomyocyte hypertrophy and increase in LV mass. Mechanistically, therapy with CTGF mAb attenuated the MI-induced increase in inflammatory and pro-fibrotic genes and enhanced expression of genes related to cardiac development and/or repair. In addition, studies with cultured human FBs indicated a role for JNK in reducing the collagen production by CTGF mAb. Further studies in large animal models are needed to establish if CTGF mAb provides a novel therapy for MI patients.Perspectives**COMPETENCY IN MEDICAL KNOWLEDGE:** In a pre-clinical model of MI, therapy with CTGF mAb improved post-MI survival and attenuated development of LV fibrosis.**TRANSLATIONAL OUTLOOK:** Further work is needed to assess whether CTGF mAb therapy provides benefit in large animal models of myocardial infarction.

Appendix {#appsec1}
========
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[^1]: Values are mean ± SD.

[^2]: The mice were subjected to myocardial infarction (MI), and 3 days after surgery randomly divided to receive either immunoglobulin (IgG) vehicle or connective tissue growth factor (CTGF) monoclonal antibody (mAb) for 4 days, and subjected to echocardiography analysis.

[^3]: LV mass and heart weight versus body weight (HW/BW) were analyzed.

[^4]: CO = cardiac output; E/E′ = mitral E/E′ ratio; EF = ejection fraction; FS = fractional shortening; HR = heart rate; IVRT = isovolumic relaxation time; LV = left ventricular; LVEDD = LV end-diastolic dimension; LVESD = end-systolic dimension; LVEDPW = LV end-diastolic posterior wall thickness; LVESPW = LV end-systolic posterior wall thickness; LVED Vol = LV end-diastolic volume; LVES Vol = LV end-systolic volume, SV = stroke volume.

[^5]: p \< 0.05.

[^6]: p \< 0.01.

[^7]: p \< 0.001 versus sham.

[^8]: p \< 0.05 versus MI + IgG.
